Background: Nonresectable mast cell tumors (MCT) in dogs remain a therapeutic challenge, and investigation of novel combination therapies is warranted. Intermittent administration of tyrosine kinase inhibitors (TKI) combined with cytotoxic chemotherapy may effectively chemosensitize canine MCT while decreasing cost and adverse effects associated with either agent administered as monotherapy.
M ast cell tumors (MCT) are the most common cutaneous tumors in the dog and are generally successfully treated with wide surgical excision alone. [1] [2] [3] Therapeutic challenges, however, arise with MCT that are large or infiltrative, high grade, have metastasized beyond the regional lymph node, or are located where wide surgical excision is not possible. Several medical treatments have been studied for MCT in dogs, including corticosteroids alone, lomustine, chlorambucil, hydroxyurea, and vinblastine as well as various combinations of these agents. [4] [5] [6] [7] [8] [9] [10] [11] Although generally well tolerated, response rates frequently remain at or below 50% and usually are brief and incomplete. [4] [5] [6] [7] [8] [9] [10] [11] [12] The tyrosine kinase inhibitor (TKI), toceranib phosphate (TOC), has demonstrated single-agent antitumor activity against MCT in dogs, but fewer than half of the dogs with MCT experience objective tumor regression with only 14% experiencing complete responses (CR). 13 The TKI sunitinib and radiation therapy are synergistic in preclinical models of pancreatic adenocarcinoma, soft tissue sarcoma, and breast cancer in humans [14] [15] [16] as well as between TOC and radiation therapy in dogs with MCT. 17 In addition, several studies have identified potentiation of the efficacy of paclitaxel, doxorubicin, and vincristine by the TKI imatinib in human preclinical models of KIT-positive melanoma and Ewing's sarcoma, [18] [19] [20] presumably owing to downregulation of important antiapoptotic pathways. A recent phase I study evaluating the safety of the combination vinblastine and TOC in dogs reported the necessity for substantial dose reductions of vinblastine in this combination therapy to prevent frequent and severe neutropenia. 21 Together, these data suggest that combination therapies with TKIs may improve efficacy over single-agent treatments alone.
Clinically relevant adverse effects can be observed with continuous long-term TKI administration, including diarrhea, inappetence, neutropenia, proteinuria, fatigue, and musculoskeletal pain, resulting in the need for drug holidays and dose reductions. 13, 22, 23 Pulse administration of TKIs with chemotherapy potentially may chemosensitize tumor cells while decreasing cost and toxicity associated with chronic TKI administration.
This phase I/II multicenter clinical trial sought to determine the maximally tolerated dose (MTD), tolerability and adverse event profile of combined treatment with pulse-administered TOC, and lomustine in dogs with measurable MCT. The second objective of this study was to determine the objective response rate (ORR), progression-free survival (PFS) and overall survival (OS) in dogs with measurable MCT treated with combined pulse-administered TOC and lomustine, and to identify potential prognostic factors in dogs treated with this combination. We hypothesized that the combination of pulse-administered TOC and lomustine would be well tolerated and efficacious when administered to dogs with cutaneous MCT.
Materials and Methods

Patient Selection
Client-owned dogs with histologically or cytologically confirmed MCT ≥10 mm in longest diameter, where surgical excision was not feasible or was declined by the owner, were considered for enrolment. Eligibility criteria included Veterinary Co-operative Oncology Group -Common Terminology Criteria for Adverse Events (VCOG-CTCAE) constitutional health score of 0 (normal activity) or 1 (mildly decreased from baseline) 24 , and life expectancy of >6 weeks. Dogs were required to have adequate hematologic, renal, and hepatic function to safely undergo treatment; defined as ≥2,500 neutrophils/lL, ≥75,000 platelets/lL, PCV ≥28%, serum creatinine concentration ≤29 the upper limit of normal (ULN), total serum bilirubin concentration <1.59 ULN, alanine transaminase (ALT) activity ≤29 ULN, aspartate aminotransferase activity ≤29 ULN, and gamma-glutamyl transferase activity ≤29 ULN. Dogs were excluded if they had other serious comorbid diseases or had previously been treated with lomustine or any TKI. Prior surgery was allowable as was radiation therapy or chemotherapy (excluding previous treatment with lomustine or any TKI) with 6-and 2-weeks washout periods after radiation therapy and chemotherapy, respectively.
Baseline evaluations included medical history, physical examination, abdominal ultrasound examination, cytologic evaluation of regional lymph nodes, CBC, serum biochemistry, and urinalysis. Thoracic radiographs were not required as part of the study but were performed by some supervising clinicians as routine staging for MCT. Tumor aspirates also were obtained at the time of enrollment to assess for c-kit gene mutation. The participating institutions' Animal Care and Use Committees or Clinical Review Boards approved the clinical protocol, and written informed consent was obtained from the owners before patient enrollment.
Phase I Study Design and Treatment Protocol
Dogs were given diphenhydramine 2-4 mg/kg PO q12h, omeprazole 0.7 mg/kg PO q24h, and prednisone 1 mg/kg PO q48h for a minimum of 72 hours before the initiation of the treatment with TOC; these medications were continued throughout the study period. An open-label, phase I, 3 + 3 dose-cohort escalation design was employed to assess the safety of combination pulse-dosed TOC and lomustine. 25 All dogs were scheduled to receive TOC 2.75 mg/kg PO once on days 1, 3, and 5 of a 21-day cycle; the TOC dose remained the same throughout the study and was given on alternating days from the prednisone. Lomustine was administered PO once on day 3 of the 21-day cycle; a starting dosage of 50 mg/m 2 was selected for the initial cohort. The lomustine dose was approximated to the nearest 10 mg using combinations of commercially available 40 and 10 mg capsules.
Three dogs were enrolled in the first dose cohort and observed for dose-limiting toxicities (DLT). A DLT was defined as any grade 3 nonhematologic or grade 4 hematologic toxicity according to the VCOG-CTCAE v1.0. 26 If no DLTs were observed in the first cohort of 3 dogs within 3 weeks of lomustine administration, a second cohort was treated with the same dosage of TOC and an increased dosage of lomustine. If a DLT was observed in 1 dog, the cohort was expanded up to a total of 6 dogs. If no additional DLTs were noted in the expanded cohort of 6 dogs, dose escalation was continued with a higher dosage of lomustine. If ≥2 DLTs were observed in the initial or expanded cohort, case accrual was stopped and the MTD was determined to be the dosage used in previous cohort where <2 DLTs were noted. Escalation of the lomustine dosage was planned in 10 mg/m 2 increments until the MTD of the combination therapy was established.
Safety Evaluation
Dogs were evaluated 1 week after the first dose of lomustine and a physical examination and CBC were performed. Reevaluation occurred again 3 weeks after the lomustine dose; physical examination, tumor measurements, CBC, and assessment of ALT activity with or without other liver enzymes was performed at that time. Owners completed a quality of life assessment form at each study visit that has been previously described. 27 Adverse events noted on laboratory evaluation, physical examination, or noted by owners were prospectively graded using VCOG-CTCAE v1.0.
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For dogs experiencing grade 3 or 4 neutropenia, a 20% dose reduction of lomustine was performed for subsequent dosing cycles. Increases in hepatic transaminase activity were managed at the discretion of the attending clinician with lomustine dose reductions, delays in treatment, or both. Either prophylactic or therapeutic treatment with hepatoprotectants was also allowable.
Antitumor Response Assessment
Once a MTD was identified, cohort expansion at the MTD was performed according to a Simon's Minimax design to evaluate the efficacy of pulse-administered TOC and lomustine. 28 Twenty-eight dogs were to be enrolled in the first stage. If ≥11 of the 28 dogs initially enrolled at the MTD experienced a tumor response, the cohort was to be further expanded to include an additional 13 dogs to better define the response to treatment. If <11 of the 28 dogs experienced a response, enrollment would be discontinued.
Tumor response was assessed every 3 weeks in all dogs enrolled in this study using modified Response Evaluation Criteria in Solid Tumors (RECIST) criteria. The longest diameters of the target lesions were documented before treatment initiation with TOC. A CR was defined as the disappearance of all lesions, a partial response (PR) was defined as at least a 30% decrease in the sum of the target lesion diameters, and progressive disease (PD) was defined as a ≥20% increase in the sum of the target lesion diameters using baseline measurement as a reference. Stable disease (SD) was defined as neither CR, PR, nor PD and must have persisted for a minimum of 6 weeks. Dogs experiencing SD or PR were given pulse-dosed TOC and lomustine once every 3 weeks until disease progression. Dogs experiencing CR were treated with 5 cycles of the TOC/lomustine combination or 2 cycles beyond documentation of a clinical CR, whichever was longer, and were evaluated monthly after the last cycle of TOC/lomustine for tumor response assessment. Dogs experiencing PD were removed from the study.
c-Kit Mutation Status
Nucleic Acid Extraction. Genomic DNA samples were prepared from Wright-Giemsa-stained fine needle aspirates. Slides were confirmed to have ≥10% of the cell population as mast cells. Qiagen AL buffer was applied to the slides, which were then scraped with a straight-edged razor into microcentrifuge tubes. DNA extraction was then performed with a commercial kit according to the manufacturer's instructions. a PCR Amplification of c-kit Exons 8 and 11. Regions of c-kit exons 8 and 11 were amplified with primers directed against sequences flanking the characterized internal tandem duplications (ITDs). The primer pair for exon 8 consisted of (TGACCTA TGGCCATTTCTCT) coupled with (56FAM-AATCCTGCAA CCACACACTG), resulting in a product of 92 bases. The pair for exon 11 consisted of (CAGTGGAAGGTTGTTGAGGAG) coupled with (VIC-CATGGAAAGCCCCTATTTCA), resulting in a product of 132 bases. Amplifications were performed with a commercially available PCR kit.
b Primer concentrations used were 400 nM each.
Gene scanning analysis was performed using a capillary electrophoresis machine.
c Amplified fragments were run with Gene ScanTM-600 LIZ size standards. Raw data were analyzed with a commercially available genotype analysis software. 
Statistics
Continuous data were expressed as median and range, and categorical data as frequencies and percentages. Time to maximal response (TTMR) was calculated from the date of treatment initiation to the date the best overall response was first documented. Progression-free survival and OS were calculated from the date of administration of the first dose of TOC to the date of PD or death, respectively. Dogs that were still alive at the time of data analysis were censored at the last date reported to be alive. Dogs that had died were considered to be dead either secondary to their treatment or their disease. Kaplan-Meier estimation was used to estimate and display the distribution of the PFS and OS. Logrank and Cox proportional hazards regression was used to evaluate associations between patient and treatment factors and PFS and OS. Simple regression was first used to determine which covariates to include in the multiple regression model based on an alpha level of 10%. Covariates with P-values < 0.10 in simple regression models were then included in multiple regression models. Multiple regression models were estimated and covariates were removed in a forward and reverse stepwise fashion because of insignificance at the 5% alpha level. Variables with values of P ≤ 0.05 were considered significant. All statistical analyses were performed using commercial software packages.
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Results
Patient Population
A total of 47 dogs were enrolled in the clinical trial from March, 2011 to March, 2013; 13 were enrolled into the dose escalation phase and the remainder into the dose expansion phase. Dogs were enrolled at the Flint Animal Cancer Center at Colorado State University (n = 28), North Carolina State University (n = 8), University of Missouri (n = 5), University of Wisconsin-Madison (n = 4) and Red Bank Veterinary Hospital (n = 2). Patient demographics and tumor characteristics for all dogs enrolled in phase 2 of the clinical trial are described in Table 1 .
Dose Escalation
The dose escalation cohorts are summarized in Table 2 . The MTD of lomustine when combined with pulse-dosed TOC was determined to be 50 mg/m 2 . Eight dogs were enrolled in the first cohort and given lomustine at 50 mg/m 2 . One of the first 3 dogs enrolled experienced a grade 4 neutropenia and 2 dogs subsequently enrolled were unable to be evaluated for safety assessment, because they were withdrawn from the study before day 7 because of progression of disease. The lomustine dosage was increased to 60 mg/m 2 in 2 dogs and both dogs in this cohort experienced grade 4 neutropenia. The dosage then was de-escalated to 55 mg/m 2 , at which 2 out of 3 dogs experienced grade 4 neutropenia.
Cohort Expansion and Outcome
Having established the MTD, an additional 20 dogs were enrolled into the first phase of the clinical trial cohort expansion and given TOC at the previously described dosing schedule and lomustine at a target dosage of 50 mg/m 2 once every 3 weeks. Of the first 28 dogs treated with lomustine at 50 mg/m 2 combined with pulse-administered TOC, 13 dogs had an objective tumor response (10 PR, 3 CR). Because the number of dogs experiencing an objective tumor response was >11, 13 additional dogs were included in the dose expansion phase of the study. This resulted in a total of 41 dogs evaluable for outcome evaluation at the MTD, because 1 dog was lost to follow-up 1 day after study commencement. The median administered dosage of lomustine was 47.6 mg/m 2 (range 30.3-54.5 mg/m 2 ) for a median of 3 cycles (range 1-15 mg/m 2 ). The median administered dosage of TOC was 2.65 mg/kg (range 2.5-2.85 mg/kg). Hematologic adverse events were most common with 34 dogs (82.9%) developing some degree of neutropenia 1 week post-lomustine. Eight dogs (19.5%) experienced grade 1 neutropenia, 10 (24.4%) developed grade 2 neutropenia, 7 (17.1%) developed grade 3 neutropenia and 9 (22%) experienced grade 4 neutropenia. Dose reductions were performed for 9 (22%) dogs experiencing neutropenia and no dose delays were performed for management of neutropenia. One dog developed grade 4 anemia which occurred at the time visceral disease progression was noted. Hepatotoxicity also was common, with 24 dogs (59%) developing increases in ALT activity; 9 dogs had severe increases (8 grade 3 and 1 grade 4) in ALT activity. Twelve (50%) dogs had increased ALT activity after 1 dose of lomustine and these increases generally were mild (8 grade 1, 4 grade 2). Seven (29%) dogs developed increased ALT activity after 2 doses, 2 (8%) after 3 doses, and 1 (4%) developed increased ALT activity after 5 doses of lomustine. Increased ALT activity was associated with a lomustine dose decrease (grade 3, n = 1) or dose delay (grade 1, n = 1; grade 2, n = 1; grade 3, n = 5). In addition, 1 dog had grade 4 increased ALT activity and was removed from the study. Hepatoprotectants were not administered prophylactically in this study but were used in the management of hepatotoxicity, with 13 dogs receiving Denamarin
Òg after increases in ALT activity were identified. Adverse events are summarized in Table 3 . In summary, dose reductions of lomustine, treatment delays or both were performed for 16 dogs (39%) to manage adverse events in this study; these were implemented at the discretion of the supervising clinician. Seven dogs (17.1%) had a dose reduction of lomustine, 6 dogs (14.6%) had at least 1 treatment cycle delay, and 3 dogs (7.3%) had both a dose reduction of lomustine and a treatment delay performed. No dogs required dose reductions or delays in TOC administration.
Fifteen dogs (36.6%) experienced PR and 4 dogs (9.8%) experienced CR after lomustine and pulse-dose TOC for an ORR of 46%. Of the remaining dogs, 6 had SD, 15 developed PD, and 1 dog was not evaluable for response because of euthanasia by the primary care veterinarian before response assessment. The presence of a c-kit ITD was not associated with response to treatment (P = 0.51). The median TTMR was 21 days (range 7-175 days). The median PFS was 53 days (range 1 to >752 days) and the median OS was 131 days (range 4 to >752 days).
The median follow-up time in censored patients was 235 days. On univariate analysis, variables associated with prolonged PFS included response to treatment (Fig 1) , absence of metastasis, no previous chemotherapy, and smaller tumor diameter (<6.7 cm; Table 4 ). The median PFS was not reached for dogs experiencing CR, was 131.5 days for dogs experiencing PR, and was 77 days for dogs experiencing SD as their best response. Variables associated with increased OS on univariate analysis included no previous chemotherapy and smaller tumor diameter (Table 5 ). The presence of a c-kit activating mutation was not associated with outcome (P = 0.99 for PFS, P = 0.92 for OS). Variables that remained significant upon multivariate analysis for improved PFS included response, metastasis, and no prior chemotherapy. Response to treatment, small tumor diameter, and no prior treatment were associated with a significantly improved OS (Table 6) .
Discussion
Lomustine at 50 mg/m 2 combined with pulse-administered TOC at 2.75 mg/kg can be safely administered to dogs with MCT with a DLT of neutropenia. A lomustine MTD of 50 mg/m 2 once every 3 weeks when combined with continuous dosing of TOC at 2.75 mg/ kg every other day recently was reported when administered to dogs with tumors other than MCT; the DLT in this phase I study with continuous TOC administration also was neutropenia. 29 Other common adverse effects included hepatic and gastrointestinal toxicities, which were not unexpected based on the combination of drugs used in this protocol. Lomustine is known to cause hepatotoxicity in dogs, with reported rates of 83-86%. [30] [31] [32] Twenty-four dogs (59%) developed increases in ALT activity during this study, with 9 dogs having grade 3 or 4 increases. The incidence and severity of increased ALT activity was less than previously reported, which may be due in part to early intervention with hepatoprotectants, dose delays, or both when mild increases in ALT activity developed. The maximally tolerated dosage of lomustine in this protocol was 50 mg/m 2 , which is 28.6-44% lower than lomustine dosages reported elsewhere for treatment of MCT. [7] [8] [9] This decreased lomustine dosage also may have decreased the frequency and severity of hepatotoxicity observed in this study as compared to previous studies. Dogs in this study also were receiving prednisone concurrently with lomustine and pulse-administered TOC, which routinely causes increases in alkaline phosphatase (ALP) activity and occasionally ALT as well. 33 Some of the increased ALT activity may have been due in part to prednisone administration. Because ALP activity was not routinely evaluated throughout the study, it is not possible to assess the influence of prednisone administration on ALT activity. The adverse gastrointestinal effects observed in this study were mild to moderate and primarily occurred after the first dose of lomustine. This observation is in contrast to what has been reported for chronic TOC administration, during which up to 46% of dogs experienced some degree of gastrointestinal toxicity. 13 One potential mechanism of gastrointestinal toxicity secondary to TOC is the inhibition of the KIT protein on the interstitial cells of Cajal, resulting in gastrointestinal hypomotility. Pulse administration of TOC may have prevented long-term down-regulation of KIT signaling in the interstitial cells of Cajal, thereby decreasing gastrointestinal toxicity with this dosing schedule.
The ORR of 46% for pulse-administered TOC combined with lomustine is comparable to what previously has been reported for single-agent protocols, 5,7,12,13 but considerably higher than that reported with single-agent lomustine in a recent multicenter prospective trial (23%). 34 Although a randomized, prospective clinical trial would be required to determine if 1 protocol was superior to the other, combining pulse-administered TOC with lomustine may be appealing to some pet owners who do not want to pursue parenteral chemotherapy for their pet but also cannot financially commit to using TOC as monotherapy caused by the cost of the drug and associated monitoring. Not surprisingly, the presence of metastatic disease and lack of response to therapy were associated with a short PFS in multivariate analysis. Dogs that were previously untreated also had an improved PFS and OS as compared to dogs that had previously received chemotherapy for MCT. These findings suggest that although the combination of pulse-administered TOC and lomustine is efficacious, the combination may not overcome the MCT drug resistance that may have occurred in dogs that have failed other therapies. The presence of a c-kit ITD did not affect PFS or OS for this group of dogs, nor was it associated with response to treatment. This finding is in contrast to a previous publication evaluating TOC monotherapy for MCT in which c-kit mutation was associated with a higher likelihood of response, 13 and is in contrast to a study combining TOC and palliative radiation therapy, in which c-kit mutation was associated with an inferior outcome. 17 This finding highlights the importance of evaluating prognostic factors such as c-kit mutation status in a context-specific setting, rather than extrapolating from previous studies.
In conclusion, lomustine at a dosage of 50 mg/m 2 once every 3 weeks combined with pulse-dosed TOC was well tolerated, but the ORR was not superior to single-agent protocols. c-kit gene mutation status did not affect outcome. Notably, pulse administration of TOC was associated with a relatively low incidence of adverse gastrointestinal events, when compared with continuous exposure, and use of a lower dosage of lomustine may have contributed to a lower frequency of severe hepatotoxicity. A prospective, randomized trial evaluating whether this combination is advantageous over either lomustine or TOC alone should be considered based on these results. 
